Abstract. The functional interaction of cells in the formation of tissues requires the establishment and maintenance of cell-cell contact by the junctional complex. However, little is known biochemically about the mechanism(s) that regulates junctional complex assembly. To address this problem, we have initiated a study of the regulation of assembly of one component of the junctional complex, the desmosome, during induction of cell-cell contact in cultures of Madin-Darby canine kidney epithelial cells. Here we have analyzed two major protein components of the desmosomal plaque, desmoplakins I (Mr of 250,000) and II (Mr of 215,000). Analysis of protein levels of desmoplakins I and II by immunoprecipitation with an antiserum that reacts specifically with an epitope common to both proteins revealed that desmoplakins I and II are synthesized and accumulate at steady state in a ratio of 3-4:1 (in the absence or presence of cell-cell contact). The kinetics of desmoplakins I and II stabilization and assembly were analyzed after partitioning of newly synthesized proteins into a soluble and insoluble protein fraction by extraction of whole cells in a Triton X-IO0 high salt buffer. In the absence of cellcell contact, both the soluble and insoluble pools of desmoplakins I and II are unstable and are degraded rapidly (t,/: ,x, 8 h). Upon induction of cell-cell contact, the capacity of the insoluble pool increases ,'~three-fold as a proportion of the soluble pool of newly synthesized desmoplakins I and II is titrated into the insoluble pool. The insoluble pool becomes relatively stable (t,/, > 72 h), whereas proteins remaining in the soluble pool (m25-40% of the total) are degraded rapidly (t,/~ ~ 8 h). Furthermore, we show that desmoplakins I and II can be recruited from this unstable soluble pool of protein to the stable insoluble pool upon induction of cell-cell contact 4 h after synthesis; significantly, the stabilization of this population of newly synthesized desmoplakins I and II is blocked by the addition of cycloheximide at the time of cell-cell contact, indicating that the coordinate synthesis of another protein(s) is required for protein stabilization.
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haracteristic feature of tissue organization is the close structural and functional interaction of constituent cells. During development, this interaction is established by a junctional complex that forms rapidly between adjacent cells upon induction of cell-cell contact. Subsequently, the junctional complex appears to be involved in the maintenance of cell-cell adhesion and the functional interactions between adjacent cells.
The junctional complex exhibits cell and tissue specificity in the expression of different junction components. In simple epithelia, the complex may comprise up to five components (14) : zonula occludens (50, 51) , zonula adherens (21, 54) , a cell adhesion molecule (L-CAM or uvomorulin) (12) , gap junctions, and desmosomes (1, 4, 11, 14, 18, 19, 27, 38, 47) . Of these components, the desmosome has been extensively analyzed in terms of its tissue distribution, morphology, and molecular anatomy (1-10, 14, 16, 19, 20, 22, 24, 27, 28, 39, 41, 42, 44, 46, 52) . The desmosome can be isolated intact and is resistant to solubilization by nonionic detergents and buffers of high and low ionic strength (11, 35, 48, 49) . It is composed of 7-12 proteins that are segregated into two associated structures, a cytoplasmic plaque and a membrane core (7, I1, 17, 23, 29, 35, 48, 49) . The cytoplasmic plaque consists of nonglycosylated proteins (Mrs of 250,000, 215,000 [the desmoplakins], 83,000 and 75,000) and is an attachment site for cytokeratin intermediate filaments. The plaque appears to be attached to the plasma membrane core of the desmosome. The core consists of glycoproteins (Mrs of 150,000, 110,000, 97,000, and 22,000), some of which span the lipid bilayer and some of which are located extracellularly (3, 6, 8, 9, 16, 23, 35) . The assembly of this complex structure is thought to confer a high degree of structural integrity on the epithelial cell monolayer (t).
Early morphological studies of junctional complex forma-tion between epithelial cells demonstrated that an initial event upon cell-cell contact was the symmetrical appearance of a desmosomal half-plaque on the plasma membrane of each adjacent cell (40, (42) (43) (44) . The plaque appeared to form rapidly from proteins that were present in the cytoplasm of the cell before induction of cell-cell contact (25, 56) . These results suggest that there is a close temporal and spatial coordination between cell-cell contact and desmosome assembly. However, little or nothing is known biochemically about the regulation of assembly of this multisubunit complex on the plasma membrane upon induction of cell-cell contact.
To address this question, we have initiated a study of desmosome assembly in Madin-Darby canine kidney (MDCK) epithelial cells (reference 33). MDCK cells express a junctional complex characteristic of simple epithelia that includes desmosomes (33, 55) . Desmosome formation can be analyzed conveniently in MDCK cells since the degree of cell-cell contact can be modulated by adjusting the Ca ++ concentration of the growth media (33, 34, 37) . Confluent monolayers of MDCK cells established in growth media conraining 5 I.tM Ca ++ exhibit little or no cell-cell contact and no evidence of junctional complex formation. However, subsequent incubation in complete growth medium containing 1.8 mM Ca ++ results in the rapid and synchronous induction of cell-cell contact throughout the monolayer and the assembly of the junctional complex (37) .
The initial set of experiments reported here focus on the synthesis and assembly of the two major protein components of the cytoplasmic plaque, desmoplakins I (250,000 Mr) and II (215,000 Mr) (35) . Our results demonstrate biochemically that induction of cell-cell contact correlates with a dramatic increase in the stability and insolubility of newly synthesized desmoplakins I and II. Furthermore, our results indicate that the assembly of newly synthesized desmoplakins I and II is limited in MDCK cells and is regulated at three discrete stages.
Materials and Methods

Cells
The morphology, growth characteristics, and culture conditions of the MDCK cell clone (No. 8) used in this study have been described previously (32, 36) . The degree of cell-cell contact in confluent cultures of cells was modulated by adjusting the concentration of Ca ++ in the growth medium (for details, see reference 37).
Preparation of a Desmosome-enriched Fraction from Bovine Muzzle Epidermis
Desmosomes were purifed from bovine muzzle epidermis as described previously (23, 35, 49) . Fig. 1 , lane 2 shows the protein profile of a typical desmosome preparation, which comprises a characteristic group of desmosome-specific proteins including desmoplakins I (250,000 M,) and II (215,000 M,) (cf. references 11, 23, 35, 49) .
Preparation of an Antiserum against Desmoplakins I and H
The desmosome-enriched fraction was separated on preparative SDS 5 % polyacrylamide gels (30) . The protein bands corresponding to the 250,000-(desmoplakin I) and 215,000-Mr (desmoplakin II) components of the desmosome were excised from the gel and electroeluted (sample concentrator; Isco, Inc., Lincoln, NE) and used to immunize New Zealand white rabbits (36) . The serum was tested for antibody production using an ELISA assay (13) and immunoblotting (see Fig. 1 ). The IgG fraction of the antiserum was precipitated with (NH4)2SO4 at 50% saturation.
Immunoblotting
Proteins were transferred electrophoretically from SDS polyacrylamide gels to nitrocellulose filters (53) as described previously (36) . Filters were incubated with l:l,000-5,000 dilution of antiserum and then ~25I-protein A (10 ~tCi/~tg) as described previously (36) . Filters were dried and exposed at -80~ to XAR-5 x-ray film using two intensifying screens (DuPont Co., Wilmington, DE).
Metabolic Labeling and Cell Fractionation
Confluent monolayers of MDCK cells were grown in low Ca ++ (5 laM) medium (LC medium) I or high Ca ++ (1.8 mM) medium (HC medium) on collagen-coated 35 mm petri dishes. Cells were labeled metabolically with either [35S]methionine (1, 200 Ci/mmol; New England Nuclear, Boston, MA) or [3H]leucine 046.7 Ci/mmol; New England Nuclear) for either 15 min or 2 h in LC or HC medium, and then chased in a >10,000-fold excess of unlabeled methionine in the appropriate growth medium (37) . At the end of the period of incubation, cells were transferred to 4~ rinsed twice with ice-cold Tris-saline containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and then extracted in situ with 1 ml of a buffer containing 50 mM NaCI, 300 mM sucrose, 10 mM Pipes (pH 6.8), 3 mM MgClz, 0.5% vol/ vol Triton X-100, 1.2 mM PMSF, 0.1 mg/ml DNase, and 0.1 mg/ml RNase (CSK buffer, see reference 15) for 20 min on a rocker platform at 4~ A solution of 2.5 M (NH4)2SO4 was added to a final concentration of 250 mM and incubation was continued for another 5 min. Cells were scraped from the petri dish with a rubber policeman and centrifuged at 48,000 g for 10 min to yield a supernatant (soluble fraction) and pellet (insoluble fraction). The samples were processed for quantitative immunoprecipitation and fluorography (36, 31) as described in detail previously (36) . The relative amount of radioactivity in bands corresponding to desmoplakins I and II was determined from the resulting fluorograms by scanning densitometry using a spectrophotometer (Du-7; Beckman Instruments, Inc., Palo Alto, CA) equipped for automatic integrations. All experiments were performed at least three times with similar results, and the data from one typical experiment is presented. In all cases, desmoplakins I and II exhibited identical trends in stability and distribution between the soluble and insoluble pools (see Figs. 2 and 3) . However, only the data for desmoplakin I is presented.
Analysis of Soluble Desmoplakins I and II by Sucrose Gradient Centrifugation
Confluent monolayers of MDCK cells were metabolically labeled with [35S]methionine and extracted with CSK buffer as described above. The soluble fraction (200 ~tl) was loaded onto a 3.8-ml linear 5-20% wt/wt sucrose gradient in 10 mM Tris-HCl, pH 7.5, 120 mM NaCl, 2 mM EDTA, 0.1 mM dithiothreitol (DTT). The gradient was centrifuged at 60,000 rpm in the SW6OTi rotor of the L8-70M ultracentrifuge (Beckman Instruments, Inc.) for 3-6 h at 4~ The gradient was fractionated from the bottom to the top (200 I.tl per fraction) and individual fractions were processed for immunoprecipitation with the desmoplakin II antiserum, followed by SDS 5 % polyacrylamide gel electrophoresis and fluorography as described above.
Results
Characterization of the Antibody to Desmoplakins I and H
Immunoblotting of total proteins of purified bovine desmosomes revealed that the antiserum reacted with desmoplakins I (250,000 Mr) and II (215,000 Mr) ( 1, lanes 6, and 7, respectively), indicating that the antiserum recognizes an epitope common to both proteins. These results confirm a previous finding that desmoplakins I and II are present in MDCK cells (33) ; however, several other studies have been unable to positively identify desmoplakin II in nonstratified epithelia (5, 24, 45) .
Unequal Synthesis and Accumulation of desmoplakins I and H in M D C K Cells
Analysis of steady-state protein levels of desmoplakins I and II in MDCK cells by immunoblotting (Fig. 1, lanes 4 , 5, and 7) and immunoprecipitation (Fig. 1, lane 5 ) revealed that these proteins are present in a ratio of 3:1-4:1. To determine whether this ratio was a reflection of an unequal rate of synthesis of desmoplakins I and II, replicate 35-mm petri dishes of confluent MDCK cells were labeled metabolically for short periods of time with [35S]methionine or [3H]leucine, extracted in situ with CSK buffer, and the resulting soluble (Fig. 2 B) and insoluble fractions (Fig. 2 C) were subjected to immunoprecipitation with the desmoplakin I and II antiserums. The results demonstrate that in MDCK cells, desmoplakin I is synthesized in an approximately three to fourfold excess of desmoplakin II, and that this ratio was manifested in both the soluble and insoluble fractions at all periods of synthesis (Fig. 2, B and C).
Soluble Desmoplakins I and H Cosediment on Sucrose Density Gradients
We sought to determine the nature of the soluble pool of these newly synthesized proteins by sucrose density gradient centrifugation.
[35S]methionine-labeled proteins were solubilized with CSK buffer and fractionated on linear 5-20% sucrose density gradients (Fig. 3) . The distribution of newly synthesized desmoplakins I and II on the gradient was determined by immunoprecipitation and fluorography (Fig. 3 A) . The results demonstrate that desmoplakins I and II have identical distributions on the sucrose gradient. The peak distribution was in fractions 11 and 12, which corresponds to an apparent sedimentation coefficient of "~7.3 S compared with that of protein standards (Fig. 3, A and B) . Significantly, desmoplakins I and II were present in a ratio of '~3-4:1, similar to that of the proteins in the insoluble pool (compare with Fig. 2, A and B) . When the centrifugation was performed for different times (3, 5, and 6 h) desmoplakins I and II invariably cosedimented, indicating that they were behaving as a complex (data not shown). 
Rate of Turnover of Newly Synthesized Desmoplakins I and H in the Absence of Cell-Cell Contact
Confluent monolayers of MDCK cells that had been established and maintained without cell-cell contact in LC medium for 12 h were pulse-labeled with [35S]methionine for 15 min and then chased for up to 14 h in LC medium containing a >10,000-fold excess of unlabeled methionine. At each time point during the chase period, cells were extracted in situ with CSK buffer. The relative levels of newly synthesized desmoplakins I and II in the soluble and insoluble fractions were determined by immunoprecipitation, fluorography, and scanning densitometry; similar trends in the relative stability of desmoplakins I and II were obtained, but only the data for desmoplakin I is presented. The results show that newly synthesized desmoplakins I (Fig. 4) and II (data not shown) were unstable in confluent monolayers of MDCK cells in the absence of cell-cell contact, and that the soluble and insoluble pools of protein were degraded equally rapidly (t~ ~ 8 h). The stability of newly synthesized desmoplakins I and II was also determined in cultures of single MDCK cells grown in HC medium (see Fig. 1 in reference 36 ). Under these conditions, newly synthesized desmoplakins I and II were also medium (LC-M) for degraded rapidly (t,~ ~ 9 h; data not shown). Together these results indicate that the instability of newly synthesized desmoplakins I and II in MDCK cells grown in LC medium is not due to the low levels of calcium in the medium per se, but to the absence of cell-cell contact.
Differential Stabilization of Soluble and Insoluble Pools of Newly Synthesized Desmoplakins I and H upon Induction of Cell-Cell Contact
Analysis of the fate of newly synthesized desmoplakins I and II 3 h after synchronous induction of cell-cell contact revealed dramatic changes in the rates of turnover of the soluble and insoluble pools of protein (Fig. 5) . For the first 5-6 h of the chase period, the soluble pool of desmoplakin I (and desmoplakin II, data not shown) was depleted rapidly of newly synthesized protein (t,~ ",, 2 h). Concomitantly, there was a proportional increase in the amount of newly synthesized protein in the insoluble pool. Subsequently, the fates of these two pools of newly synthesized proteins were dramatically different. Desmoplakins I and II remaining in the soluble pool (,~,25-40% of the total) were degraded rapidly with a half-life similar to that of the soluble proteins in cells maintained in LC medium (t,~ "~ 8-10 h). In contrast, in the insoluble pool desmoplakins I and II were relatively stable and exhibited little or no decay during the 24-h period of chase (t~ > 72 h).
Temporal Coordination of CeU-Cell Contact and Stabilization of the Insoluble Pool of Newly Synthesized Desmoplakins I and H
To determine how closely coordinated the induction of cellcell contact and increased stability of desmoplakins I and II are, we analyzed the rates of turnover of newly synthesized protein at the time of induction of cell-cell contact, 30 min and 3 h after induction (Fig. 6) . The results showed that at all time points examined a substantial proportion of newly synthesized desmoplakin I (and desmoplakin II, data not shown) was rapidly titrated from the soluble pool (Fig. 6 A) to the insoluble pool of protein (Fig. 6 B) . In all cases, this titration occurred over a period of 3-5 h after the short period of labeling (15 min). The protein remaining in the soluble pool was degraded relatively rapidly (r/2 '~ 4-8 h), whereas the protein in the insoluble pool was relatively stable (t,/2 > 72 h).
Recruitment of Unstable Newly Synthesized Desmoplakins I and H into a Stable, Insoluble Protein Pool upon Induction of Cell-Cell Contact
The experiments described above were designed to determine the fate of desmoplakins I and II synthesized in the absence or presence of cell-cell contact. Next, we wanted to analyze the fate of these proteins synthesized in MDCK cells that did not initially have cell-cell contact but which were later induced to form cell-cell contact. Since the insoluble pool of newly synthesized desmoplakins I and II is unstable in cells without cell-cell contact (t,~ ~ 8 h; see Fig. 4 ), we sought to determine whether this pool of protein could be stabilized upon cell-cell contact.
As shown earlier (Fig. 4) , in the absence of ceil-cell contact both the soluble (Fig. 7 A) and insoluble (Fig. 7 B) pools of newly synthesized desmoplakin I (and desmoplakin II, data not shown) were degraded relatively rapidly (t~ ~ 8 h). However, if cell-cell contact was induced 2 h (line B) or 4 h (line C) after synthesis, the insoluble pool of desmoplakins I and II increased in size at the expense of the soluble pool; soluble protein titrated into the insoluble pool for a period of up to 2-3 h after induction of cell-cell contact. Subsequently, the insoluble pool became stabilized (t,~ > 72 h). On the other hand, newly synthesized desmoplakins I and II that remained in the soluble pool were degraded rapidly with a rate of turnover similar to that of the soluble proteins in cells without cell-cell contact (r~ ,~ 8 h).
Is Protein Synthesis Required for the Stabilization of Newly Synthesized Desmoplakins I and H upon Induction of Cell-CeU Contact?
To determine whether protein synthesis is required for stabilization of newly synthesized desmoplakins I and II, we analyzed the fate of newly synthesized desmoplakins I and II upon induction of cell-cell contact in the presence of cycloheximide (Fig. 8) . The results showed that the rate of turnover of protein in both the soluble pool and the insoluble pool was rapid (t,~ '~ 5 h). In addition, we did not detect a titration of newly synthesized protein from the soluble into the insoluble pool, as had been shown previously to be the case upon induction of cell-cell contact in the presence of protein synthesis (Figs. 5-7 ).
Discussion
The experiments performed in this study have sought to analyze biochemically and kinetically the regulation of assembly of the desmosome upon cell-cell contact in MDCK epithelial cells. Particular emphasis has been placed on the two major cytoplasmic plaque proteins, desmoplakins I and II. These proteins were identified using a polyclonal antiserum that recognized an epitope common to both proteins. To study the asseembly of desmosomes, monolayers of MDCK cells were extracted in situ in order to preserve the native subcellular distribution and conformation of proteins with respect to cell-cell and cell-substratum contact (cf. reference 15). The extraction of MDCK cells with CSK buffer resulted in a soluble and insoluble protein fraction of newly synthesized desmoplakins I and II (see below). Significantly, the fates of these two pools of protein were different upon induction of cell-cell contact, indicating that they are not derived artificially from a single pool of protein (see below).
Temporal Coordination between Cell-Cell Contact and the Assembly of Desmoplakins I and H
The fate of protein pools of newly synthesized desmoplakins I and II in the presence and absence of cell-cell contact was determined by modulating the degree of cell-cell contact in confluent monolayers of MDCK epithelial cells by adjusting the Ca ++ concentration of the growth medium (37) . In the absence of cell-cell contact we detected both a soluble and insoluble pool of newly synthesized desmoplakins I and II, both of which were unstable and were degraded equally rapidly (t,~ "~ 8 h). The fact that a proportion (~35%) of desmoplakins I and II was insoluble under extraction conditions that did not solubilize desmosomes (11, 15, 23, 25, 33, 35, 48, 49) indicates that they were in a conformation, perhaps with other desmosomal proteins (see below), similar to that in fully assembled desmosomes, even though desmosomes had not formed at the plasma membrane (see accompanying paper).
When the rate of degradation of newly synthesized desmoplakins I and II was analyzed at the time of induction of cell-cell contact or 3 h after induction, we found that there was a significant difference in the fate of the insoluble and soluble pools of protein. While the soluble pool of protein was degraded as rapidly as in cells without cell-cell contact (t,~ "~ 8 h), the insoluble pool was stabilized (t,~ > 72 h). Thus, there appears to be a close temporal coordination between the induction of cell-cell contact and the stabilization of this insoluble pool of newly synthesized desmoplakins I and II.
In addition to the change in the stability of the insoluble pool of newly synthesized desmoplakins I and II upon cell-cell contact, we observed that there was a change in its relative size (Figs. 5-7 ). In the absence of cell-cell contact, after 1 h of chase, the relative sizes of the insoluble and soluble pools of newly synthesized protein remained constant and were subsequently reduced at the same rate by degradation (tw ~ 8 h). However, after induction of cell-cell contact, there was a gradual titration of newly synthesized protein from the soluble to the insoluble pool (Fig. 5) . That the soluble pool was being depleted of newly synthesized protein was reflected in the very rapid loss of protein from this pool (tv2 '~ 2 h). Concomitantly, the insoluble pool increased in size by approximately three to fourfold over a period of 3-5 h, and then the level of protein remained relatively constant. At this time, the rate of loss of protein from the soluble pool slowed to a rate similar to that in cells without cell-cell contact (t,~ '~ 8 h), at which time loss of protein was presumably due to proteolytic degradation. Significantly, we found that when cell-cell contact was induced 2 h or 4 h after synthesis of a discrete population of desmoplakins I and II, there was a similar rapid titration of these proteins from the unstable soluble pool to the stable insoluble pool. Hence, the capacity of the insoluble pool of desmoplakins I and II increases upon cell-cell contact as newly synthesized proteins are recruited from an unstable soluble pool of protein. Therefore, while the formation of the insoluble pool of des-moplakins I and II is independent of cell-cell contact (see above), its capacity and stability are strictly dependent upon cell-cell contact.
That newly synthesized desmoplakins I and II can be rapidly recruited from the soluble to insoluble pool upon cellcell contact indicates that the soluble pool of protein might represent a precursor step in the assembly of desmoplakins I and II into the insoluble pool. Significantly, analysis of the soluble pool by sucrose density gradient centrifugation revealed that desmoplakins I and II cosediment as a complex in the same molar ratio as that of the newly synthesized proteins in the insoluble pool. This is consistent with the possibility that the soluble desmoplakins I and II are a precursor pool of protein that can be rapidly titrated into the insoluble pool. provide answers to some of these questions. In the accompanying paper, we have reevaluated the coordination of cellcell contact and assembly of desmoplakins I and II by immunofluorescence microscopy in the light of these new observations, and have sought to determine the spatial nature of the soluble and insoluble pools of these proteins.
Regulation of Assembly of Desmoplakins I and H
